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Experimental Study on Spray
Characteristics of Gas-Centered
Swirl Coaxial Injectors
Gas-centered swirl coaxial injectors have become an important subject of study for staged
combustion rocket engines with hydrocarbon fuels. While these injectors are employed
successfully in rocket engines, it is very rare to find the related research results as applicable
to design data. An experimental study on spray characteristics of gas-centered swirl coaxial
injectors has been performed. The effects of momentum flux ratio and recess length on the
spray characteristics have been investigated by cold flow tests with a photographic technique.
The liquid intact length L, which profoundly affects the global spray characteristics,
decreases as the momentum flux ratio M increases. The critical momentum flux ratio Mc
is introduced to identify the flow patterns as internal or external mixing in the injectors.
Concerning the effect of the recess length lR, it is shown that the spray cone angle and the
drop size decrease as lR increases. [DOI: 10.1115/1.4005344]
Keywords: gas-centered swirl coaxial injector, momentum flux ratio, recess length, liquid
breakup, spray
1 Introduction
Atomization, the transformation of bulk liquid into small drop-
lets, is of importance in various industrial processes. Notably, the
performance of combustion engines is dependent on effective
atomization to increase the specific surface area of the propellant
and thereby achieve high rates of mixing and evaporation. Two-
phase coaxial injectors with high gas velocities and high relative
velocities between gas and liquid are usually used for cryogenic
rocket engines. Gaseous hydrogen at high velocity is used to
atomize the core of the liquid oxygen for the combustion of
LOX=H2 propellant rocket engines, and swirled liquid hydrocar-
bon films are stripped by a strong oxygen gas flow for staged com-
bustion rocket engines with hydrocarbon fuels.
Even though such injection devices have proved efficient and
reliable, various aspects of atomization characteristics of the
coaxial injectors are still poorly understood. Improved fundamen-
tal understanding of the atomization phenomena of such coaxial
injectors would help to design reliable two-phase coaxial injectors
and possibly to implement efficient control procedures of the
atomization process in order to optimize combustion.
Two-phase coaxial injectors for LOX=H2 propellant rocket
engines usually imply a liquid-centered injector where the cen-
tered liquid oxygen is encapsulated by the gaseous fuel to prevent
the oxidizer from reaching the combustion chamber wall. In con-
trast, liquid hydrocarbon rocket engines with a staged combustion
cycle for high-power application employ Gas-Centered Swirl
Coaxial (GCSC) injectors where a gaseous oxidizer is surrounded
by the swirled liquid fuel. While the GCSC injector was devel-
oped practically and has been put to use in Russian rocket engines,
a fundamental understanding of the atomization phenomena did
not seem to be fully achieved due to lack of advanced measuring
techniques during the developing period. Also, it is very rare to
get the related research results as applicable to design data.
Recently, a few studies on this injection configuration
have been presented. Cohn et al. [1] of the Air Force Research
Laboratory introduced design guidelines for GCSC injectors using
cold flow tests and hot fire tests of three different sorts of single
injector elements. They insisted that the uniform mass distribution
and atomization in cold flow tests is a key design feature for stable
combustion. The instability of GCSC injectors was investigated
and several design parameters related to their instability were
presented by Pomeroy et al. [2]. Im et al. [3] compared the spray
angle characteristics of a GCSC injector with those of a liquid-
centered swirl coaxial injector. Kulkarni et al. [4] showed that the
central air jet causes corrugations on the liquid sheet surface and
the level of surface corrugations increases with increasing gas
phase Reynolds number, Regð¼ qgugdg=lgÞ.
Our study is based on the assumption that the momentum flux
ratio and the recess length are parameters in determining the
global spray characteristics of a GCSC injector. The spray of gas-
liquid coaxial injectors with high gas velocities is characterized
by the liquid Reynolds number, the aerodynamic Weber number,
and the momentum flux ratio [5,6]. Lasheras and Hopfinger [6]
suggested that the momentum flux ratio would be the sole parame-
ter determining the length of the unbroken liquid core when the
aerodynamic Weber number is large and ula=ug  1. Davis and
Chehroudi [7] conducted an experimental investigation on inner
potential core lengths for single-phase (gas-gas) and two-phase
(liquid-gas) shear-coaxial injectors under sub-, near-, and super-
critical chamber pressures. After a careful review of the broad
range of data as well as the comparison with the other previous
models, they also proposed a correlation, an exponential depend-
ency between the inner potential core length and the momentum
flux ratio. However, they proposed that the dependency at subcrit-
ical pressures (two-phase coaxial jet) is different than it is under
all other chamber pressure conditions (single-phase coaxial jet).
However, for gas-liquid swirl coaxial injectors, momentum flux
ratio and recess length seem to be important parameters in deter-
mining the global spray characteristics. Lightfoot et al. [8,9] dis-
cussed the effect of the momentum flux ratio on the atomization
ratio reflected in the length of the intact liquid sheet length. Their
experimental results show that the average intact liquid film
length relates to the momentum flux ratio. They insisted that the
change in length per unit change in momentum flux ratio
decreases at higher momentum flux ratios. On the other hand,
Yang et al. [10] investigated the effect of recessing the oxidizer
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center port on the atomization characteristics of a coaxial swirl
injector. They identified three different spray patterns (inner mix-
ing, outer mixing, and critical flow conditions) of a recessed gas-
liquid coaxial swirl injector as a function of recess length.
An experimental setup and method are briefly described in
the next section and the analysis with experimental results are
presented in the following section to understand the effects of mo-
mentum flux ratio and recess length on the spray characteristics of
GCSC injectors.
2 Experimental Methods
Figure 1 shows a schematic of the GCSC injector. Gaseous pro-
pellant (GOX) at high velocity enters directly through the center of
the injector with a swirled liquid propellant (hydrocarbon) film
injected along the periphery of the injection element. The liquid
flow develops before coming into contact with the gas by the shel-
tering lip of the gas flow nozzle. The swirled liquid film is stripped
and fragmented into drops by the high velocity gas stream.
The diameter at the end of the sheltering lip dg and the outlet
diameter do of the GCSC injector are 6 mm and 8 mm, respec-
tively. The lip thickness is 0.5 mm and the diameter of the
four tangential holes is 0.7 6 0.01 mm. Four recess ratios (lR=dg
¼ 1:0; 1:5; 2:0; 2:5) are examined. The experiments were carried
out at atmospheric pressure using water and nitrogen as working
fluids. Flow rates are regulated by needle valves and are measured
by a turbine flow meter (Kometer) with an accuracy of 60.5 ml=s
(ul: 60.04 m=s), and a mass flow meter (Rheonik) with an accu-
racy of 60.05 g=s (ug: 61.3 m=s), for the liquid and gas, respec-
tively. The ranges of liquid and gas mass flow rate are 9.35–25.0
g=s and 0–12.3 g=s respectively and the momentum flux ratio M
varies from 0 to 36.
A back-lighting photography technique is employed for the
measurement of breakup lengths and spray cone angles. A high
speed camera (MacroVis EoSens, 1696 1710 pixels) was used
with a SIGMA Macro 105 mm F2.8 lens. The camera exposure
time was set to be less than 20 ls, which is the flash duration of
the stroboscope triggered by the camera. Fifteen images were
taken for each experimental condition.
The image processing procedure is shown briefly in Fig. 2.
First, the periodic noises of the raw file generated in converting
light intensities to pixel values in the digital image are removed
by the FFT (Fast Fourier Transform). Then, the non-uniformity of
the illumination intensity in the background is compensated by
the morphological opening technique with the disk-shaped struc-
turing filter [11]. The Sobel image edge detection is employed to
distinguish the objects (liquid film or drops) and the background
with a proper threshold value of the gradient of gray level inten-
sities. Finally, the boundaries of objects are detected by scanning
for four adjacent pixels with the same gray intensity levels around
the object pixel.
The distance equal to the gas nozzle diameter dg was consid-
ered from the nozzle exit for determining the spray angle. The
uncertainty of measurement in spray cone angles is about 2 for
the cases where the liquid sheet extends far from the nozzle exit
but the uncertainty increases up to 6 when the breakup takes
place near or inside the injector. The gas velocity was slowly
increased at a fixed liquid velocity to find the momentum flux
ratio where the intact length corresponds to the recess length.
Since the liquid intact length varies along the circumferential
direction, the intact length was expediently taken as the average
value of two positions near both ends of the liquid film circumfer-
ence. Two positions where the breakup positions could be
clearly verified were chosen. As the liquid intact length comes
close to the recess length with the increase of gas velocity, the
fragmentation position of the liquid film starts very near the noz-
zle exit and goes forward and backward. Taking into considera-
tion this instability and the variation of the intact length, the
uncertainty of the measurement of the liquid intact lengths is
þ2.4 mm (30% of do).
3 Experimental Results and Discussion
As one of the experimental results, the discharge coefficient of
the pressure-swirl atomizer in the GCSC injector will be firstly
presented and then the effects of momentum flux ratio and recess
length will be discussed.
3.1 Discharge Coefficient and Liquid Film Thickness. Before
discussing the effects of momentum flux and recess length, let us
present the discharge coefficient and the liquid film thickness in
GCSC injectors. The liquid flow in GCSC injectors is injected by
an open-end swirl injector, which has no convergence part
between the vortex chamber and the nozzle. Accurate estimations





important in the early design stage of liquid rocket engines
because the atomizer pressure drop affects the pressure budget of
the other subsystems. If the discharge coefficient of pressure-swirl
atomizers could be precisely predicted, the spray angle and the
liquid film thickness can be readily estimated to provide key infor-
mation on the characteristics of liquid droplets. As the discharge
coefficient decreases, the liquid film thickness decreases while the
spray angle increases.
Even though the assumption of maximum flow rate for the
inviscid swirl injector analysis is not valid for an open-end swirl
injector with rin=ro ¼ 0:9 < 1 Dpin=Dpi ¼ 1:02ð Þ [12], cd assum-
ing an inviscid flow is about 0.03. Moreover cd calculated by the
equation suggested by Rizk and Lefebvre [13] is 0.05. However,
the measured cd is 0.019. For real swirl injectors, cd can be
expressed by the injector geometry, the hydraulic loss coefficient,











The considerable discrepancy between the estimated cdð¼0:03Þ
with an inviscid flow (n ¼ 0, K ¼ 0) and the measured
value of 0.019 could be explained by the viscous effects.Fig. 1 Schematic of a gas-centered swirl coaxial injector
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However, cd predicted by the empirical equation, cd ¼ 0:44
ðAp=d2oÞ
0:84b0:52  b0:59, which was recently proposed by Hong
et al. [14] for the discharge coefficient of pressure-swirl atomizers
with low nozzle opening coefficients ðb ¼ rin=ro < 2:3Þ, is in
good accord with the measured one. The predicted cd is 0.017.
The spray cone angle estimated by the model of Bazarov et al.
[12] is about 140 and this high spray cone angle is due to the
low value of cd. On the other hand, the annular liquid film thick-
ness, h in an open-end swirl injector can be predicted as the fol-
lowing [15]:




The predicted range of h is 0.50–0.56 mm. Therefore, all the
experiments are conducted under the condition of h > Hl.
3.2 Momentum Flux Ratio. Fig. 3 shows the evolution of
the overall spray characteristics according to the momentum flux
ratio Mð¼ qgu2g=qlu2laÞ. The axial liquid velocity, ula is readily
calculated by the liquid mass flux conservation, ula ¼ _ml=
qlp½r2o  ðro  HlÞ
2 because Hl is smaller than the annular liquid
film thickness in the open-end swirl injector. At a low momentum
flux ratio where the aerodynamic force from the gas phase does
not have a significant effect, a long liquid spray sheet is formed
just as in the case of pressure-swirl atomizers. As the momentum
flux ratio increases, the formation of drops from ligaments of the
liquid spray sheet takes place close to the injector exit with a
decrease of the spray cone angle. At a higher momentum flux ra-
tio, the breakup of the liquid sheet occurs inside the injector, and
eventually a solid cone spray is produced. External or internal
mixing is defined here according to the liquid sheet breakup loca-
tion. Internal mixing means that the liquid film breaks up inside
the injector.
For the external mixing region, the spray cone angle decreases
by the diminution of the pressure inside of the liquid sheet due to
the high velocity internal gas as well as the increase of axial liquid
velocity resulting from the decrease of the liquid film thickness
entrained by the aerodynamic force. In the case of internal mixing,
the spray cone angle seems to slightly increase (or remain
constant) as the liquid mass flux increases in spite of the incre-
ment of the momentum flux ratio.
Figure 4 shows the evolution of liquid intact lengths according
to the momentum flux ratio at various axial liquid velocities.
Moreover, the experimental results of Lightfoot et al. [9] for
GCSC injectors with diverse geometries are also summarized in
Fig. 4. The acronym of injectors of Lightfoot et al. [9] comes
from the relative size of the (O)utlet and (P)ost radius and the film
(T)hickness as either (D)own or (U)p from (N)ormal. The outlet
and post radius and film thickness correspond to ro, dg=2, and Hl
respectively in our study. For example, ONPNTN injector means
that the relative sizes of the nozzle exit radius, the gas nozzle ra-
dius, and the height of liquid passage are nominal values. Sizes of
the injector geometries can be found in Ref. [9].
M is usually considered as a main parameter to determine the
liquid intact length (or breakup length) in shear-coaxial jets
[6,7,16,17] and to control the global spray characteristics of the
GCSC injectors [8,9,18]. For the case of coaxial jets without swirl,
from the mass conservation at the liquid intact surface
(L=Hl  ula=ue, as long as L	 Hl), the liquid intact length L can









 1=2 ¼ CffiffiffiffiMp ðC  12Þ (3)
here, the entrainment velocity ue is expressed as the product of the
interface growth rate r and the wavelength of the interface corru-
gation k. The grow rate of the interface is _f=f : f means the inter-
face corrugation amplitude. On the other hand, ue can be directly
calculated as ugðqg=qlÞ1=2 from the dynamic pressure continuity
at the interface [6]. Raynal [17] also showed that the measured
core lengths in a water-air shear layer are in good agreement with
Eq. (3). From Fig. 4, it is very feasible that L=Hl of GCSC injec-
tors also evolves as M0:5. This relation between L=Hl and M
implies that the axial liquid velocity is likely of more importance
than the tangential velocity in that it is the axial energy that com-
petes with the high-speed, non-swirling gas stream during the
atomization process [9]. Moreover, this result coincides with the
result of Lightfoot et al. [9], which is the decrease of the change
Fig. 2 Image processing procedures for the measurement of spray angle and breakup
length (raw file fi threshold level determination fi boundary detection of liquid film)
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in liquid intact length per unit change in momentum flux ratio at
higher momentum flux ratios.
Although Davis and Chehroudi’s [7] results for the two-phase
coaxial jet shows a good quantitative agreement with what we
observed, the liquid intact length scales with M0:2. This different
dependency may be due to the coaxial injector geometries. Davis
and Chehroudi’s [7] experiments were performed for shear-
coaxial jet with gas being outside and liquid inside. Moreover, the
relative annular gap width of the inner-outer nozzles compared
with the liquid jet diameter could affect the dependency. The
actual liquid intact length of the liquid jet depends on the ratio of
the thickness of the vorticity layer at nozzle exit to the jet diame-
ter [6]. Therefore, the large annular gap width delays the interac-
tion with the gas flow, and consequently the liquid intact length
has a weak dependency with M. The gap width (the sheltering lip
thickness) and the liquid passage height in our study are also
approximately of the same orders as Davis and Chehroudi’s [7] in-
jector. However, the interaction between the liquid and gas flows
in GCSC injectors occurs very near the nozzle exit [9]. This fast
interaction arises because the liquid flow partially fills the area
behind the sheltering lip due to the lower pressure and possibly a
result of drag forces from the recirculation flow.
For M > 30, the strong gas recirculation blocks the liquid for
the coaxial plane jets without swirl [17]. However, for the case of
the GCSC injectors, even though L decreases as the momentum
flux ratio increases as in coaxial jets without swirl, L is much lon-
ger compared with the case of no swirl [6,16]. The C of GCSC
injectors seems to be about 100 and a transition to a recirculation
occurs for M more than 2000. It is expected that the entrainment
velocity, ueð rkÞ decreases by the reduction of the instability
grow rate r due to the centrifugal force on the swirled liquid flow
interface. As the swirl velocity increases, the liquid film becomes
more stable, since the liquid film is forced against the outer wall
by the increase in the azimuthal momentum. However, the effect
of the liquid mass flow rates on the liquid intact length seems to
be negligible at fixed geometries of injectors. For the various liq-
uid mass flow rates, M at L=Hl seems to remain unchanged.
Since the break length (liquid intact length) mainly depends
on the momentum flux ratio, there is naturally a certain momen-
tum flux ratio Mc that determines internal or external mixing of
the injectors. At a low M, a liquid sheet is formed and the disin-
tegration of the liquid flow occurs downstream of the injector
exit. As M increases, the atomization process of the swirled liq-
uid film takes place inside of the injectors, resulting in a solid
cone spray.
Fig. 3 Evolution of spray configurations according to the momentum flux ratio at a fixed liquid velocity
(lR=dg51:5, ula51:59 m=s)
Fig. 4 Evolution of the liquid intact lengths according to the
momentum flux ratio (^: ula51:3222:12 m=s)
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The evolution of spray cone angles at various lR=dg is shown in
Fig. 5. Independent of the liquid velocity, the spray cone angle
decreases abruptly at low M and then the spray cone angle
increases slightly and remains almost constant. As expected, the
momentum flux ratio for the minimum spray cone angle (as it
were, for liquid film breakup near the nozzle exit) decreases as the
recess length increases. As shown in Fig. 5, the minimum spray
cone angle appears at lower M for larger lR=dg [3]. The minimum
spray cone angle appears when the liquid sheet breaks up very
near the nozzle exit. Without gas flow, the liquid swirl spray has a
relatively small cone angle at the beginning of the injector exit
and then stabilizes at a slightly larger angle in the majority of the
spray. Therefore, if the breakup of the liquid film takes place by
the gas flow just at the end of the short region where the spray
cone angle is small, the spray cone angle would be minimal.
Moreover, the spray cone angle increases a bit when the liquid
film is fragmented inside of the injector.
3.3 Recess Length. The effect of the recess length is
expected to strengthen the stripping from the liquid film by the
aerodynamic force and=or turbulence in increasing the contact
area between the two phase flows before discharging the liquid
flow at the nozzle exit. As Yang et al. [10] identified the spray pat-
terns according to the recess length, the spray characteristics of
the GCSC injectors are also managed by changing the recess
length. If the recess length decreases, a higher M is required for
the breakup of the liquid film inside of the injector.
The evolution of spray angles according to the recess length for
the case of internal mixing is shown in Fig. 6. The spray angle
decreases inversely to the recess ratio. For the same momentum
Fig. 5 Evolution of the spray cone angles according to the momentum ratio at fixed liquid velocities: (a) lR=dg ¼ 1:0,
(b) lR=dg ¼ 1:5, (c) lR=dg ¼ 2:0, (d) lR=dg ¼ 2:5










ula : 1.3m/s, M : 36
ula : 0.8m/s, M : 22
ula : 1.3m/s, M : 24
ula : 1.8m/s, M : 27
Fig. 6 Evolution of spray cone angles according to recess
lengths
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flux ratio and gas=liquid velocity, the droplets with size d produced
by the internal mixing start to be entrained by the aerodynamic
force at the same position inside of the injector. By simple analysis
(initial upa  0), the velocity ratio in axial direction between the









here, the momentum response time sv ¼ qld2=18lg. As the drop-
let size decreases, the droplet velocity increases with the recess





=d on the condition that d represents a characteristic di-
ameter at the perimeter of the spray. It could be assumed that




for fixed gas and liquid velocities.
From Fig. 6, tan a=2ð Þ  d=lR; therefore, it could be deduced that
the drop size decreases as the recess length increases according to




. As shown in Fig. 7, the Im et al. [3] ex-
perimental measurements of the drop size prove the trend of the
decrease of drop size as the recess length increases. The radial dis-
tance to the drop should decrease with lR because the spray cone
angle also decreases as lR increases. Taking into consideration the
decrease of the radial distance to the drop with lR (in other words,
!!
 with lR in Fig. 7), it is very plausible that the drop size




at the perimeter of the
spray.
The spray cone angle is determined by the drops at the perime-
ter of the spray in the internal mixing region. As it were, the tra-
jectory of the drops or the fragments of the liquid film at the exit
of the injector inside wall leads to the measured spray cone angle.
The reduction of drop size with the increment of the recess length
is expected from the analogy of the excess diminution of spray
cone angle. The reduction of drop size would result from the rein-
forcing fragmentation of the liquid film bounded by the inside
wall of the injector due to the increase of the gas=liquid contact
length with the recess length.
Harper et al. [20] performed CFD analysis to determine the
unsteady hydrodynamic characteristics of GCSC injectors. They
showed the time averaged film thickness at the nozzle exit monot-
onically decreases as the recess length increases. The liquid film
thickness scales with l0:9R . This decrease of the liquid film thick-
ness results in the reduction of drop size. For the case of simplex
swirl atomizers, the thinner liquid film produces better atomiza-
tion, according to the relationship Sauter mean diameter (SMD)
 h0:4 [13]. Therefore, it could be also deduced that the drop size
from the liquid film decreases with the relation d  l0:4R .
4 Conclusions
An experimental study on the spray characteristics of the gas-
centered swirl coaxial injector has been presented. The effects of
momentum flux ratio and recess length on the spray characteristics
have been investigated by cold flow tests with a photographic
technique. The liquid intact length L, which profoundly affects the
global spray characteristics, decreases as the momentum flux ratio
M increases. A feasible relation between L and M is investigated
and the critical momentum flux ratio Mc is introduced to identify
the flow patterns as internal or external mixing. For the external
mixing region (M < Mc), a liquid sheet is formed and the disinte-
gration of the liquid flow takes place downstream of the injector
exit. As M increases, the atomization process of the swirled liquid
film takes place inside of the injectors, resulting in a solid cone
spray. For the external mixing region, the spray cone angle
decreases by the diminution of the pressure inside of the liquid
sheet due to the internal gas at high velocity as well as the
increase of axial liquid velocity resulting from the decrease of
the liquid film thickness entrained by the aerodynamic force. In
the case of internal mixing, the spray cone angle seems to slightly
increase (or remain constant) as the liquid mass flux increases in
spite of the increment of the momentum flux ratio. Concerning the
effect of the recess lengths, it is shown that the drop size and
the spray cone angle decrease as recess length increases. The
reduction of drop size with recess length would be due to the rein-
forcing fragmentation of the liquid film at the inside wall of the
injector by the increase of the gas=liquid contact length with the
increase of the recess length.
Nomenclature
A ¼ geometrical characteristic parameter Aorin=Apro
 
Ao ¼ nozzle area
Ap ¼ total area of inlet passages
C ¼ coefficient for liquid intact length
Ds ¼ vortex chamber diameter
Hl ¼ height of liquid passage
K ¼ angular momentum loss coefficient
L ¼ liquid intact length (breakup length)
M ¼ momentum flux ratio ¼ qgu2g=qlu2la
 
cd ¼ discharge coefficient
d ¼ drop diameter
dg ¼ gas nozzle diameter
do ¼ nozzle exit diameter
dt ¼ tangential entry diameter
h ¼ liquid film thickness
lR ¼ recess length
_ml ¼ liquid mass flux
r ¼ instability growth rate
rin ¼ radial location of tangential hole center
ro ¼ nozzle radius
ue ¼ liquid entrainment velocity
ug ¼ gas velocity
ula ¼ liquid flow axial velocity
upa ¼ axial drop velocity
Dpi ¼ pressure drop across the injector
Dpin ¼ pressure drop across the entry passage
a ¼ spray cone angle
k ¼ wavelength of the liquid interface corrugation
n ¼ hydraulic loss coefficient
lg ¼ gas dynamic viscosity
ll ¼ liquid dynamic viscosity
qg ¼ gas density
ql ¼ liquid density
u ¼ coefficient of passage fullness
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Fig. 7 Evolution of SMD according to recess lengths (see Fig. 15
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